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Abstract

The objective of this research was to identify a reliable biochemical indicator for diapause (dormancy) in the bollAmgworit,
omus grandis. Hemolymph polypeptides from reproductive and diapausing weevils were compared using denaturing sodium dodecyl
sulpfate (SDS)-polyacrylamide gel electrophoresis (PAGE). A 77-kDa protein, which proved to be a hexamerin (AgSP-1), strongly
correlated with morphological diapause characters in both male and female adult weevils. N-terminal sequence analysis identified
the first 25 amino acids of the mature protein and was used to develop an antibody to AgSP-1. Anti-AgSP-1 reacted only with
hemolymph from diapausing weevils of both sexes but not with hemolymph from reproductive weevils. Also, the yolk protein,
vitellogenin (VG), inversely correlated with AgSP-1. When hemolymph VG was high, AgSP-1 was absent or barely perceptible.

Juvenile hormone regulates VG synthesis in most insect species. Juvenile hormone is reported to stimulate reproductive maturation
in the boll weevil (Physiological Entomology 22 (1997) 261) and to be absent during diapause (Physiological Entomology 22
(1997a) 269). Therefore, the juvenile hormone (JH) mimic, methoprene, was used to assess the role of JH activity in the boll weevil
for terminating diapause, stimulating reproductive maturation and possibly influencing AgSP-1 titers. Application of methoprene
was not effective in activating reproductive development. Hemolymph from methoprene-treated, females contained VG and AgSP-
1 titers that were similar to acetone-treated and untreated control weevils.

Using a genomic DNA library and’3RACE, two clones were isolated that yielded the complete sequence of AgSP-1 as well
as a portion of the Suntranslated region. Northern blot analysis confirmed the presence of a 2.5 kB transcript for AgSP-1 in the
fat body of diapausing weevils. AgSP-1 was also present in the fat body of reproductive weevils, but to a lesser extent. No sex-
related differences in gene expression were observed; diapausing weevils of both sexes showed similar levels of AGSP-1 expression.
An inverse correlation was observed between the VG transcript and AgSP-1 mRNA. VG was highly expressed in the fat body of
reproductive females and only slightly expressed in tissue from diapausing females. Our data suggests that AgSP-1 is a diapause-
specific protein in adult weevils and that JH, alone, is not effective in terminating diapau€02 Published by Elsevier
Science Ltd.
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1. Introduction ous economic pest of cotton in the production regions it
infests. The rapid spread of this tropical insect across the
Since its entry into the US, the boll weevil US cotton belt was facilitated by its ability to survive
(Anthonomus grandis Boheman) has been the most seri- temperate winters in a state of diapause. Brazzel and
Newsom (1959) defined this dormant state as a repro-
- ductive diapause and described morphological changes
* Corresponding author. Tel#1-979-845-9727; fax+1-979-845- in the reproductive structures of diapausing adult weev-
6305 ils, including cessation of gametogenesis and atrophy of
1 E-mail address: likeeley@tamu.edu (L.L. Keeley). = the gonads. Following this initial report, substantial
This article reports the results of research only. Mention of com- : . . ! .
mercial or proprietary product does not constitute an endorsement by €ffort was directed towards elucidating the mechanisms
the US Department of Agriculture for its use. controlling diapause induction in boll weevils.
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Photoperiod (Earle and Newsom, 1964; Lloyd et a.,
1967; Sterling, 1972; Wagner and Villavaso, 1999), tem-
perature (Earle and Newsom, 1964; Lloyd et al., 1967),
adult or larval diet (Lloyd et a., 1967; Spurgeon and
Raulston, 1996; Spurgeon and Raulston, 1998a; Spurg-
eon and Esquivel, 2000), and combinations of these fac-
tors (Cobb and Bass, 1968; Lloyd et al., 1967; Wagner
et al., 1999) are implicated in the induction of diapause
in the boll weevil. However, results and their interpret-
ations have varied widely among the previous studies.
Guerra et a. (1982) even questioned the use of the term
‘digpause’ to describe this dormancy in tropical and sub-
tropical populations of weevils.

Severa physiological characters have been investi-
gated in an effort to better define boll weevil diapause.
Increases in fat content and decreases in both water con-
tent and respiration rate are attributed to diapause
(Brazzel and Newsom, 1959; Keeley et a., 1977; Lam-
bremont, 1961; Lambremont et al., 1964). Although
increases in lipids are generaly associated with
diapause, confounding influences of weevil age and diet
(Betz and Lambremont, 1967; Lambremont et al., 1964),
and geographical origin (Keeley et al., 1977) have
been reported.

Results from studies of respiration rates are difficult to
interpret. Although diapausing weevils generally exhibit
lower respiration rates than their reproductive counter-
parts, variations in respiration rate have been associated
with different laboratory cultures (Lambremont, 1961),
geographical regions (Keeley et al., 1977), sex (Guerra
et a., 1982), and adult age and diet (Guerraet a., 1983).

Studies of carbohydrates add little additional insight.
Nettles et al. (1972) reported that trehalose levels in both
reproductive and diapausing boll weevils remain fairly
constant and do not vary significantly between the two
physiological states. Nettles and Betz (1965) reported
that glycogen levelsincrease in diapausing weevils when
compared with reproductive weevils, but only when the
weevils are fed cotton squares (flower buds). No such
differences are observed when weevils are maintained
on bolls. Betz and Lambremont (1967) indicated that
glycogen levels are maximal in actively feeding 2-week-
old adults and that glycogen content decreases in both
digpausing and reproductive weevils when food is
denied. Nettles et al. (1972) reported that when glycogen
content is calculated on the basis of weevil dry weight,
differencesin glycogen levels relate to diet and sex with-
out differences between reproductive and diapausing
weevils.

Recently, JH production was implicated as an effec-
tive physiological character for defining diapause in the
boll weevil. Taub-Montemayor and Rankin (1997) sug-
gested that JH plays a regulatory role in reproductive
development while absence of JH indicates diapause

(Taub-Montemayor et al., 1997a). Elevated JH pro-
duction is reported in reproductive, |aboratory-strain
females compared with field-collected females reared
under short-day, low-temperature conditions. The field-
collected females exhibit elevated juvenile hormone
esterase (JHE) activity compared with reproductive, lab-
oratory-strain weevils. However JHE activity in the latter
group of weevils is not influenced by photoperiod or
temperature conditions. In addition, males do not nor-
mally produce JH. Additional studies of field-collected
weevils indicate a correlation between JHE titer and the
ability to survive without food (Taub-Montemayor et al.,
1997b). However, the relationship is variable among
weevil cohorts and JHE titers vary widely among indi-
viduals within cohorts.

In the bean bug, Riptortus clavatus, and the Colorado
potato beetle, Leptinotarsa decemlineata, the incidence
of diapause correlates to the presence and abundance of
a hemolymph polypeptide (De Kort and Koopmanschap,
1994; Chinzei et al., 1992; Lefevere et al., 1989). This
hemolymph polypeptide belongs to alarge family of pro-
teins called the insect hexamerins and has been identified
from a number of insects (for review see Burmester et
al., 1998a; Haunerland, 1996; Kanost et al., 1990; Telfer
and Kunkel, 1991). Likewise, the hemolymph polypep-
tide, VG, is the most abundant protein present during
oocyte maturation (for review see Hagedorn and Kunkel,
1979; Raikhel and Dhadialla, 1992). Thus, expression
patterns of hemolymph storage proteins and VG might
serve as a basis for unambiguous biochemical discrimi-
nation of reproductive and diapausing boll weevils.

Successful examination of the boll weevil for presence
of such a marker, however, will require reliable avail-
ability of both reproductive and diapausing individuals.
Recent examinations of the influences of diet on ball
weevil reproductive development (Spurgeon and Raul-
ston, 1998b) and diapause induction (Spurgeon and
Esquivel, 2000) have resulted in development of feeding
regimes that appear to satisfy this need. Further, the mor-
phological characters used to distinguish diapause in
these studies strongly correlate with survival in the
absence of food (D.W.S., unpublished data). Using a
standard feeding regime (Spurgeon and Raulston, 1998b;
Spurgeon and Esqguivel, 2000) and defined morphologi-
cal characters (Spurgeon and Raulston, 1998b), we ident-
ified a hemolymph polypeptide (AgSP-1) that strongly
correlated with putative diagpause in both male and
female weevils. AgSP-1, an aromatic hexamerin, was
abundant in diapausing weevils and was absent or barely
detectable in reproductive weevils. VG was inversely
correlated with AgSP-1 in females at the level of tran-
scription and trandation. Here, we report the molecular
characterization of AgSP-1 and its synthesis and
expression during diapause in the boll weevil.
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2. Materials and methods
2.1. Experimental animals

Boll weevil adults of known age were reared from
oviposition-punctured flower buds (squares) collected
from commercia cotton fields. Infested squares were
held in a screened plexi-glass cage at 29.4 + 1°C under
a 13:11 h (L:D) photoperiod. Beginning five days after
collection, sguares were carefully opened and pupae
were removed. Sgquares containing larvae were returned
to the cage and resulting pupae were harvested on sub-
sequent days. Pupae were held in groups of 35-50 in
petri plates (100 x 15mm?) containing a thin layer of
moistened vermiculite and under the same environmen-
tal conditions as infested squares. Newly eclosed adults
were removed from the pupa plates twice daily and
sexed using the technique of Sappington and Spurgeon
(2000).

2.2. Reproduction- and diapause-inducing feeding
regimes

Reproductive and diapausing weevils were obtained
by manipulating adult diet as described by Spurgeon and
Raulston (1998a). Reproductive weevils were obtained
by confining newly eclosed adults individually in petri
plates (100 x 15mm?). A single, fresh square with intact
bracteoles and a bud diameter of 6-9 mm was supplied
to each weevil daily. Drinking water was supplied by a
short (~1 cm) section of cotton dental wick saturated
with deionized water. Diapausing weevils were obtained
by confining mixed-sex groups of 25 newly-eclosed
weevils (12 ¢, 13 9) in 473-ml cardboard cartons with
screened lids. These groups were fed 6-9 mm diameter
sguares with bracteoles removed at a rate of one square
per five weevils daily. Water was provided in a 29.5-ml
plastic cup with a section of cotton dental wick
extending through the lid.

Weevils at 9- or 12-day-old, were punctured near the
midline of the prothorax with the tip of a 20-gauge hypo-
dermic needle and hemolymph was collected in a 1.0-pl
micro-capillary tube (Drummond Scientific Co., Broom-
al, PA) as it exuded from the puncture. Bled weevils
were then dissected to determine physiological status
and to collect fat body samples.

Condition of the fat body, testes, and ovaries were
assessed by dissection. After removal of the elytra and
wings, the dorsal abdominal cuticle was peeled away.
Exposed fat bodies of both sexes were classified as lean,
intermediate, or fat. Fat bodies classed as lean varied
considerably in abundance, and were sheet-like and
translucent to opaque, but not bright white in color. Fat
bodies classed as intermediate were bright white in
color, composed of well-formed globules, and obscured
substantial portions of other internal organs. Fat bodies

classed as fat were similar in color and composition to
those classed as intermediate, but completely or nearly
completely obscured the other internal organs. Fat bodies
rated as fat or intermediate were considered hypertro-
phied and characteristic of diapausing weevils. Ovaries
were classified as undeveloped, containing pre-vitellog-
enic oocytes, containing oocytes with visible yolk, or
containing chorionated eggs. Testes were classified as
reproductive or atrophied according to the descriptions
by Spurgeon and Raulston (1998b). Reproductive testes
were translucent and developing sperm were visible in
the testis lobes. Atrophied testes were opague with whit-
ish to bright yellow external fat deposits and were nor-
mally much smaller than reproductive testes. Females
with hypertrophied fat bodies and with ovaries that were
undeveloped or that contained only pre-vitellogenic
oocytes were considered to be in a reproductive
diapause. Females with ovaries containing oocytes with
visible yolk or chorionated eggs were considered repro-
ductive regardless of fat body condition. Likewise, males
with hypertrophied fat bodies and atrophied testes were
considered to be in diapause while males with repro-
ductive testes were considered reproductive regardless of
fat body condition.

2.3. Response of diapausing female weevils to
methoprene

2.3.1. Preparation of diapausing females

To obtain the highest possible incidence of diapause,
experimental weevils were fed a diet of cotton fruit
(bolls) as described by Spurgeon and Esquivel (2000),
and reproductive weevils were further eliminated by
starvation during a food-free period between diapause
induction and treatment applications. After newly-
eclosed females were sufficiently sclerotized to wak
they were transferred to screened 20 x 20 x 20cm?®
plexi-glass cages and held at 29.4 + 1°C under a 11:13
h (L:D) photoperiod. Adults eclosing over a period of
five consecutive days, of which 90% eclosed in a 3-day
period, were pooled until the desired number of weevils
were obtained. Weevils were supplied a diet of one ball
(20-25 mm diameter) per 10 weevils three times weekly,
and drinking water as previously described.

When the median age was 14 days, weevils were
transferred to an identical cage containing only a water
supply and a refuge of crumpled craft paper
(30 x 45cm?). These weevils were held without access
to food for 30 days in an environmenta chamber at
18.3 + 1°C under a 11:13 h (L:D) photoperiod. At the
end of the starvation period, approximately 20 weevils
were randomly assigned to either the methoprene treat-
ment or one of two control groups.
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2.4. Administration of methoprene

Previous studies indicated that the JH mimic, methop-
rene, was effective in stimulating VG synthesis in A.
grandis (Taub-Montemayor and Rankin, 1997; Taub-
Montemayor et a., 1997b). Therefore, a methoprene
dose of 1 pg per treatment was selected based on an
initial-dose response study. A single dose of methoprene
ranging from 0.1 to 10 pg was administered to newly-
eclosed adult females maintained under the diapause-
inducing feeding regime for seven days. At day 7, hemo-
lymph samples were collected and analyzed. Females
treated with methoprene concentrations of 1-10 pg
showed VG presence with comparable frequency, how-
ever, there was variability for these responses among
individual animals in al the treatment groups (data not
shown). The variability in the dose response may have
resulted from the short time period used to induce
digpause. Thus, to ensure diapause, boll weevils were
fed the diapause-inducing diet for 14 days and then
starved for an additional 30 days as described before.
The lowest dose (1 pg) was selected to minimize poss-
ible pharmacological effects. This dose was applied a
total of three times at three-day intervals in an attempt
to produce a sustained level of JH activity in vivo, simi-
lar to what might occur naturally.

At the end of the 30 day starvation period, methop-
rene-treated and control groups were transferred to
respective cages identical to the survival cage and held
in the environmental chamber for the duration of the
experiment. Weevils of the methoprene group were
treated topically three times with 1 pg methoprene in 1
pl acetone applied to the ventral surface of the abdomen
on days 0, 3, and 6 following the starvation period. Wee-
vils of one control group were similarly treated with 1
pl acetone. The experiment was replicated twice. The
second replication included an additional control group
of approximately 20 untreated weevils. Hemolymph
samples were collected and weevils were dissected nine
days after initial treatments were applied. Fat body and
ovary conditions were assessed as previously described.
Hemolymph samples were analyzed for the presence of
VG and AgSP-1 polypeptides by sodium dodecy! sulpf-
ate (SDS)-polyacrylamide gel electrophoresis(PAGE).

2.5. Hemolymph sample preparation

Hemolymph samples for SDS-PAGE analysis were
diluted in ice-cold Tris-buffered saline homogenization
buffer (=TBS-HB) (20 mM Tris; 0.15 M NaCl; 5 mM
EDTA, pH=7.5) (Martinez and Wheeler, 1991) contain-
ing a Complete™ Mini protease inhibitor cocktail tablet
(Boehringer Mannheim, Indianapolis, IN) (Lewis et al.,
2001). Hemolymph protein concentrations were determ-
ined spectrophotometrically using the Micro BCA Assay
Reagent Kit (Pierce, Rockford, IL). Following protein

quantification, the hemolymph samples were separated
by SDS-PAGE.

2.6. SDSPAGE

Hemolymph samples were brought to a final protein
concentration of 8 pug and diluted in an equal volume of
2x sample buffer as described by Lewis et al. (2001)
(5% (w/v) SDS; 0.126 M Tris—Cl, pH=6.8, 12.5 % (w/v)
glycerol, 0.004% bromophenol blue, 2% (w/v) NaCl;
10% (v/v) B-mercaptoethanol). Each lane received hem-
olymph collected from a single anima. SDS-PAGE was
performed according to Laemmli (1970) and modified to
use polyacrylamide gels consisting of exponentia gradi-
ents of 6-16% acrylamide and 0.16-0.85% bis-acrylam-
ide (Sowa et al., 1991). A 4.5% stacking gel was used
with all exponential gradient-polyacrylamide gels and
molecular weights were estimated using the Mark120
(Invitrogen, Carlsbad, CA) unstained standard (15
pl/lane). Electrophoresis was carried out at 5 W constant
power until the tracking dye (bromophenol blue)
migrated off the gel. The protein bands were stained
using Gel Codel]l Blue Stain Reagent (Pierce) and
destained with distilled water.

2.7. N-terminal sequencing

SDS-PAGE analysis indicated that a 77-kDa hemo-
lymph polypeptide was the dominant component in wee-
vils displaying diapause characters (Fig. 1). To deter-
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Fig. 1. Coomassie blue-stained SDS-PAGE (exponential gradient
consisting of 6-16% acrylamide and 0.16-0.85% bis-acrylamide) gel
comparing hemolymph polypeptides from reproductive and diapausing
A. grandis. Each lane was loaded with 8 pg of soluble polypeptides
from the hemolymph of a single, reproductive male (lanes 1-3),
diapausing male (lanes 4-6), reproductive female (lanes 7-9) and
diapausing female (lanes 10-12). AgSP-1 (arrow), both subunits of
VG (arrow), and the molecular weight standards (S) are indicated.
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mine the identity of this polypeptide, hemolymph from
four weevils showing diapause characters were diluted
in TBS-HB:2x sample buffer (1:1) and separated on a
7.5% SDS polyacrylamide gel (Laemmli, 1970) contain-
ing a 4.5% stack. To remove unpolymerized acrylamide,
1 mM sodium thioglycolate was added to the upper
buffer and the gel was allowed to pre-electrophorese for
30 min prior to loading. The samples were denatured at
65 °C for 15 min. The gel was electrophoresed at 20
mA through the stack after which the amperage was
increased to 25 mA. Electrophoresis ended once the dye
front reached the bottom of the gel. Following SDS-
PAGE separation, the hemolymph polypeptides were
transferred to a polyvinylidene fluoride (PVDF) mem-
brane (BioRad, Hercules, CA) in cyclohexylamino-pro-
panesulfonic acid (CAPS) buffer (10 mM CAPS, 10%
methanol, pH 11.0) for 1 h at 200 V. The membrane
was stained with Coomassie blue for 5 min (0.1% Coom-
assie blue R-250, 50% methanol, 1% acetic acid) and
then rinsed several times with distilled water to visualize
the bands. N-terminal analysis of the 77-kDa polypeptide
was performed by the Protein Chemistry Laboratory
(Texas A & M University, College Station, TX).

2.8. Antibody production

Anti-AgSP-1 (Alpha Diagnostic International Inc.,
standard custom antiserum service, San Antonio, TX)
polyclonal antibodies were raised in a rabbit against a
synthetic peptide based on the N-terminal sequence com-
bined with purified hemolymph AgSP-1 that had been
collected from diapausing weevils. Purified hemolymph
AgSP-1 was obtained by separation with SDS-PAGE
and micro-elution using a Gel-Eluter (Hoefer, San Fran-
cisco, CA). Initia results using Anti-AgSP-1 were unsat-
isfactory, thus the antibody was affinity purified against
the synthetic peptide alone (Research Genetics, Hunts-
ville, AL).

2.9. Immunablotting

Hemolymph from reproductive and diapausing weev-
ils of both sexes was collected and its proteins were sep-
arated in an 8-16% exponential SDS-polyacrylamide
mini-gel (BioRad, Hercules, CA). After determination of
protein concentration, each sample containing 8 pg total
protein was loaded in duplicate lanes aong with a
BioRad prestained SDS-PAGE standard (10 pl/lane).
Electrophoresis was carried out at 200 V for 3 h. One
half of the gel was Coomassie blue stained and the other
half was transferred onto nitrocellulose using the Trans-
Blot SD Semi-Dry Transfer System (BioRad) for 30 min
at 25 V. The membrane was exposed to the affinity-pur-
ified anti-AgSP-1 (1:100) and antigen/antibody interac-
tion was detected using goat anti-rabbit 1gG (whole
molecule)-Peroxidase secondary antibody (Sigma, St

Louis, MO) according to the manufacturer’s recommen-
dations. Chemi Glowd West chemiluminescent sub-
strate (Alpha Innotech Corporation, San Leandro, CA)
was used to react with the immobilized peroxidase, and
the reaction was visualized and documented using a
computer-interfaced Chemi-Doc system from BioRad.

2.10. Preparation of DNA probes

2.10.1. Ag storage protein probe

A 1.0-kB DNA fragment was developed for genomic
DNA library screening and Northern blot analysis using
the RNA PCR Core Kit (Perkin ElImer, Welledey, MA).
Manufacturer's instructions were followed for reverse
transcription (RT) of total RNA from the fat body of A.
grandis diapausing males. The reverse primer used for
RT was oligo-dT,¢ which was supplied in the Kit.
Degenerate primers (forward: GAY CAY GCI TTY YTI
GAR AA; reverse: TTC GAA GTC CTT AGC RTA
GTA) were used for amplification of the cDNA by poly-
merase chain reaction (PCR). Primers were designed
using the sequence obtained from the N-terminal analy-
sis of AgSP-1 and from published storage protein
sequences (Fujii et al., 1989; Jamroz et a., 1996; Koop-
manschap et al., 1995; Sakura et a., 1988a). The PCR
reaction mix consisted of 1x PCR buffer, 2 mM MgCl,,
0.20 mM dNTP-mix, 0.05 U AmpliTagdd (Perkin
Elmer). The PCR cycles were 94 °C/2 min; 35 cycles
of 94 °C/30 s, 45 °C/1 min, 72 °C/2 min; 72 °C/7 min.
The primary PCR reaction (2 pl) was reamplified for
an additional 25 cycles under the same conditions. The
resulting band was cleaned from agarose using the Qiaex
Il extraction kit (Qiagen, Valencia, CA) and cloned into
pPpGEMO-T easy vector (Promega, Madison, WI). The
fragment was sequenced by the DNA Technologies Lab-
oratory (Texas A & M University, College Station, TX)
using ABI PRISM Big Dye Terminator Cycle Sequen-
cing Core Kit with AmplitagD DNA polymerase
(Perkin Elmer).

2.10.2. Ag VG probe

A 0.5-kB DNA fragment (AgVG) was developed as
a probe for Northern blot analysis using total RNA from
the fat body of female reproductive A. grandis. The RNA
PCR core kit (Perkin Elmer) was used as described
before. VG reverse primer (see later) was used for the
RT reaction as well as amplification of the target cDNA.
The primers (Vg forward: TAT CAA CAG CGC TTT
ATT GTC ATG C; Vg reverse: ACA ATG GCG CAA
CTC TCC TTC) were designed based on the published
A. grandis VG gene sequence (location of
sequence=+6010-6538) (Trewitt et al., 1992). The same
PCR reaction mix was used as described for the 1.0-kB
AQgSP-1 storage protein probe. The PCR cycles were 94
°C/2 min; 35 cycles of 94 °C/30 s, 60 °C/1 min, 72 °C/2
min; 72 °C/7 min. The primary PCR reaction (2 pl) was



892 D.K. Lewis et al./ Journal of Insect Physiology 48 (2002) 887-901

reamplified for an additional 25 cycles with the same
PCR conditions. The resulting band was cleaned, cloned,
and sequenced as described for the A. grandis storage
protein probe.

2.11. Genomic library analysis

The boll weevil genomic DNA library was con-
structed in Agtll by DNA Technologies, Inc.
(Gaithersburg, MD) and primarily was used to obtain the
5" untrandated region of the putative storage protein
gene. Plagues from the Agtll genomic library were
propagated on E. coli strain Y1088 according to Sam-
brook et al. (1989). Approximately 7.5 x 10° plagues
were screened at high stringency (0.6 Naf, 65 °C
hybridization; 15 mM Na*, 65 °C wash) using the 1.0-
kB 3?P-labeled storage protein probe, and a single 2.2-
kB clone was obtained. The resulting clone was digested
with EcoRI, ligated into pBluescript and sequenced.

2.12. The 3' rapid amplification of cDNA ends
(RACE)

To obtain the full-length cDNA gene sequence of the
A. grandis putative storage protein, 3' RACE was perfor-
med using the 3’ RACE System (Gibco BRL,
Carlsbad, CA). Manufacturer's instructions were fol-
lowed for reverse transcription of total RNA from the
fat body of A. grandis diapausing males. A gene specific
forward primer (GSP1: ACCTTT TGG GCT ACT CTT
ACA CTC C) aong with a kit-supplied reverse primer
was used for amplification using conditions specified in
the kit. The PCR cycles were 94 °C/2 min.; 35 cycles
of 94 °C/30 s, 55 °C/1 min, 72 °C/2 min; 72 °C/7 min.

2.13. Computer-assisted analysis

Trandation of the nucleotide sequence was
accomplished with the assistance of Molecular Biology
Shortcuts (MBS) trandator through the MBS-e-mail ser-
ver. The National Center for Biotechnology Information
BLAST e-mail server was used to compare the sequence
results with other genes available through the GenBank
database (Altschul et al., 1990). Protean (DNASTAR, ver-
sion 1.17) was used to deduce the amino acid compo-
sition and MegAlign (DNASTAR, version 1.05, Madison,
WI) was used for the initial multiple amino acid
sequence alignment which was adjusted by eye, when
necessary. Maximum parsimony and neighbor-joining
bootstrap analyses were perfomed using paup 4.0
(Swofford, 1998).

2.14. Northern blot analysis

Northern blot analysis was used to determine the size
and relative abundance of the AgSP-1 transcript from

the fat body of reproductive and diapausing A. grandis
weevils. SDS-PAGE analysis indicated an inverse corre-
|ation between VG and AgSP-1 protein in females, there-
fore, VG gene expression was also examined.

Total RNA (10 ug for the VG blot; 5 ug for the SP
blot) was extracted from the fat body (Chomczynski and
Sacchi, 1987; Jamroz et a., 1996; Puissant and Houdeb-
ine, 1990) of reproductive females, reproductive males,
diapausing females and diapausing males. The samples
were separated in a 1.5% agarose/formaldehyde gel (0.7
M formadiehyde, 1x MOPS) and transferred to a posi-
tively charged nylon filter (Hybond XL, Amersham
Pharmacia, Piscataway, NJ) with 20x SSC as transfer
medium. Two blots were used for the analyses; both
blots consisted of RNA from the same extracted prep-
arations. The blots were hybridized with either the 0.5-kB
32P-labeled AgV G probe or the 1.0-kB *2P-labeled storage
protein probe. Hybridization was performed at 48 °C
(UltraHyb, Ambion, Austin, TX) for 12-14 h. Washes
were performed a 65°C (2*5min—2 x SSC,
0.1% SDS; 2*15min—0.1 x SSC;0.1%SDS). Transcripts
were visualized by autoradiography (exposuretime =
~ 1h).

3. Results

3.1. Comparison of hemolymph polypeptides from
reproductive and diapausing A. grandis

Hemolymph polypeptides were analyzed by SDS-
PAGE for male and femae weevils showing either
reproductive or diapause morphological characters. A
band that migrated at approximately 77-kDa was the
major polypeptide in diagpausing weevils (Fig. 1). The
77-kDa band was abundant in both male and female
diapausing weevils and was reduced or absent in repro-
ductive weevils.

In females, a large polypeptide with a molecular
weight of approximately 160-kDa inversely correlated
with the 77-kDa band (Fig. 1). The 160-kDa polypeptide
was the dominant polypeptide in reproductive females
and was absent or barely perceptible in diapausing
females. Trewitt et a. (1992) characterized the VG gene
in the boll weevil and reported that the translated product
was composed of two subunits with molecular weights
of 160 and 47 kDa, based on migration in SDS-PAGE
analyses. Thus, the large polypeptide we observed in the
hemolymph of reproductive females was likely VG. A
47-kDa polypeptide coincided with the presence of the
160-kDa band and is likely the smaller subunit.

3.2. N-terminal sequencing and immunablotting

The 77-kDa polypeptide was isolated and sequenced
by the Protein Chemistry Laboratory to determine its
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identity (Texas A & M University, College Station, TX).
N-terminal analysis yielded a 25-amino acid sequence
(SPVGDGKHYKTVDHAFLEKQQKVLS) that showed
high similarity with sequences of other insect hexamerin
proteins present in the GenBank database. Given its
homology to storage proteins, the 77-kDa polypeptide
was named AgSP-1. This initia sequence was used to
prepare the synthetic peptide for raising anti-AgSP-1
polyclonal antibodies, and was aso used to design the
degenerate forward primer for RT-PCR of the 1.0-kB A.
grandis storage protein probe.

Immunoblotting of hemolymph polypeptides from
diapausing and reproductive weevils with anti-AgSP-1
showed that AgSP-1 is a diapause-specific biochemical
marker (Fig. 2). Anti-AgSP-1 reacted with male and
female hemolymph polypeptides from diapausing weev-
ils but did not react with hemolymph polypeptides from
reproductive weevils of either sex.

3.3. SDSPAGE analysis of methoprene-treated
diapause-induced female A. grandis

The inverse correlation we observed between VG and
AgSP-1 led us to evaluate a potentia role for JH in boll
weevil diagpause. Results of methoprene treatment on
hemolymph VG and AgSP-1 in diapause termination are
shown in Fig. 3. Typica results are shown for 10-12
females from each treatment. There were no significant
differences in any of the treatment regimes or in either
replication. VG was absent or barely visible in methop-
rene-treated females indicating that the methoprene treat-

Male Female Male Female

kbDa § R D R D

R D R D

204 e S B

4
123

80 - WesP

48

a. b.

Fig. 2. Western blot analysis of AgSP-1 in A. grandis. Hemolymph
from reproductive (R) and diapausing (D) weevils of both sexes were
separated on an 8-16% exponential SDS-polyacrylamide gel. One half
of the gel was (a) Coomassie blue stained; and (b) the other half was
transferred onto nitrocellulose and probed with polyclona antibodies
to the N-terminus of AgSP-1. Each lane was load with hemolymph
samples containing 8 g of protein from a single animal. Each sample
was loaded in duplicate. AgSP-1 (SP) and the molecular weight stan-
dards (S) are indicated.

ment failed to stimulate VG synthesis consistently. In
the no-treatment group, two of the females showed
reproductive characters in that VG was the prominent
polypeptide and AgSP-1 was absent (lanes 3 and 10).
Also, the fat bodies of these two animals were rated lean
(as opposed to fat or intermediate which is typical of
diapause) and the ovaries contained oocytes with visible
yolk and chorionated eggs. The same was also observed
in two of the acetone-treated females (lanes 5 and 9).
Given that the reproductive characters occurred in the
control groups and not in the methoprene-treated group,
the results suggest that this regimen of methoprene had
no effect on VG synthesis.

3.4. Genomic DNA library screening and 3' RACE
analysis

The A. grandis genomic DNA library was screened
with a 32P-labeled storage protein probe to obtain a sin-
gle 2.2-kB clone. 3" RACE was used to generate an
overlapping 1.0-kB fragment. Thus, the combined
sequence from both the 2.2-kB genomic DNA clone and
the 1.0-kB 3" RACE clone yielded the complete DNA
sequence of AgSP-1 (Fig. 4).

The genomic DNA clone represented 495 bp of the
5" untrandated region and 1426 bp of the coding region
(Fig. 4). Five smadl introns (54-60 bp) were observed
(data not shown). The placement of the introns was veri-
fied by PCR amplification using gene specific primers
(*1-"481, *1080-*1400) as well as comparing the
sequence of the genomic clone with the sequence of the
1.0-kB storage protein probe. The transcription start site
was deduced from direct sequencing of the A. grandis
2.2-kB genomic clone and was located 26 bp upstream
of the ATG trandation start codon. The transcription
start site in AgSP-1 (ATCAGTT) is homologous with
the consensus sequence observed in other insect genes
(Hultmark et a., 1986). The TATA box is located 32 bp
upstream of the transcription start site (Breathnach and
Chambon, 1981; Gannon €t al., 1979).

The open reading frame of AgSP-1 was composed of
2202 nucleotides encoding a 734 amino acid protein.
The first 17 amino acids of the deduced sequence is a
putative signal peptide common to many secretory pro-
teins. Thus, the mature protein consists of 717 residues
with an expected Mr of 85.3 kDa. The first 25 residues
of the mature protein matched the 25-amino acid N-ter-
minal sequence (Fig. 4). The deduced amino acid com-
position of AgSP-1 reveals that phenyalanine (Phe) and
tyrosine (Tyr) comprise ~21% (mol %) of the total
amino acid content (Table 1). Three potential N-linked
glycosylation sites were identified (Fig. 4).

The 3" untrandated region is present in the 1.0-kB 3'
RACE clone. It is 87 nucleotides long and contains a
polyadenylation signal site (AATAAA) and a polyaden-
ylated tail (Fig. 4). The calculated molecular weight of
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Fig. 3. Effect of methoprene on hemolymph polypeptides in female A. grandis held 53 days under diapause conditions. Hemolymph polypeptides
were analyzed using SDS-PAGE (exponentia gradient consisting of 6-16% acrylamide and 0.16-0.85% bis-acrylamide). Weevils were held for
14 days on the diapause feeding regime {29.4 °C, 11:13 (L:D), fed one boll (2025 mm diameter) per 10 weevils three times weekly, water
provided, ad lib}. When the median age was 14 days, weevils were transferred to a survival cage containing water only and maintained at 18.3
°C, 11:13 (L:D) for another 30 days. Weevils were: (a) untreated; (b) treated with 1 pl of acetone; or (c) treated with 1 pl (1 pg/ul) of methoprene
zero, three, and six days following the starvation period. Hemolymph samples were collected nine days after the starvation period and the condition
of the fat body and ovaries was assessed. Each lane was loaded with 8 g of soluble polypeptides from the hemolymph of a single female. AgSP-
1 (arrow), both subunits of VG (arrow), and the molecular weight standards (S) are indicated.

AgSP-1, including the 5’ untransated region and the
polyadenylated tail, is 2.78 kB. The nucleotide sequence
has been submitted to the GenBank™/EMBL DataBank
accession number AF512519.

3.5. Northern blot analysis

AgSP-1 and AgVG gene expression in the fat body
of reproductive and diapausing weevils were analyzed
to compare relative levels of expression under the two
physiological states. Based on mRNA levels, AgVG

expression was high in reproductive females, but was
reduced significantly in diapausing females (Fig. 5).
AgSP-1 mRNA was abundant in the fat bodies of both
diapausing male and female weevils, whereas repro-
ductive weevils of both sexes showed reduced levels of
AgSP-1 expression. These results indicated an inverse
correlation between AgVG and AgSP-1 gene expression
in females. No apparent differences in AgSP-1
expression were observed between sexes. The estimated
transcript size of AgSP-1 was 2.5 kB. The estimated
molecular weight of AgVG (5.8 kB) was consistent with
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-495 tgacttctgcttcgcactatttatgaaacaaaaagagtttaaggacaactatttgtacagatgaaagaga
taatatattgtagcctattttttctcacttttgactagaaaaaaacaaactttttgatcgacaatacgtyg
-355 gaaagtaaacaagccagtcggcttatgatgtatgacgcatgatttatctaaagtgccaatcgecegtaaa

-215 aaatattttcaataccattatcagcggcttaacagtgcttgttaacctggaggtcatcaaaatcgttttt

ttcctataccggceccacaacaaattaategtattattcecttttacgataaaaacaaaataactaattaacgt

-75 aatctaaaccctgataccaacctgttattaggatgttcttcggtataaaaaggggttgttaagcgaagtyg

aagacATCAGTTTTGTTGGGTCGGCACCAACATGAAGTTGACCATAGCGCTCCTTTGTTTGGGTTTGGGG
* M K L T I A L L C L G L G 13

66 GTGGTTTTGAGTAGCCCCGTTGGTGATGGAAAGCATTACAAAACAGTCGACCATGCCTTCCTGGAGAAGC
vviL. S SsS PV GGDGKHY KTV DHATF L E K Q 37

136 AACAAAAGGTTCTGAGCCTGTTCAAACACATCCATCAACACAGTGTCATTGAGGAGCATGTGAAATTGAC
Q K v L s L F K H I H Q H s Vv I E E H V K L T 60

206 TCATGATGTAACTGATCCCATTCAATGGCTTCAAGTGCATAAAGGTTCTTTTGAGAAACCCCAAGTGGTT
H DV T D P I Q WL Q V HZ K G S F E K P Q V V 83

276 GACACCATGATTCAGTTCTTCCATTACGACTATATGGTGCCAAAAGGTCACCCATTCTCCATTATGTATG
b T M I Q F F H Y D Y M V P K G H P F s I M Y D107

346 ACGAGCATTTAGAACAGGCAATCGCCTTATTCAAACTCTTTGAAGAAGCGAAAGATTTCGATACTTTCTA
E H L EQATI AL F KL F EEAI KD F DT F Y 130

416 TCACACCGCCGTTGTCATGAAGAAGTTCGTGAACGAGGGCATGTGGTTGTATTCTGTATGTGTAGCAATT
H T AV VMK K F VNEGMWIL Y S V C V A I 153

486 GTACACAGAGACGACACCCACGGAATTATTTTACCCCCCATCTATGAAGTCTACCCATGGTTCTTCTACA
vV HRDDTHSGTI I L PP I Y E VY P W F F Y NI177

556 ACACTGACGTAATCCACGAAGCTTACAAGCATAAAATGGCCCATAAAACCTCCGAAGCTTCCCACGACCA
T D v I H E A Y K H K M A H K T S E A S H D H 200

626 CCACATTATAGCCAACTACTCTGGACACTACTTGAACCTCCACTGGGAGCAAGCTTTGTCTTATTACACA
H I I A N Y S GH Y L NL HWEQATIL S Y YT 223

696 GAGGACGTTGGACTGAATGCTTTCTTCCATCACTTCTACATTTACTACCCCTTCTGGATGGACGGAGAGG
E DV G L N APFF HHF Y I Y Y P F WMD G E E 247

766 AGTACCACATTAAAAACGATAACAGAGGCAATTTATTCTTGGACGTGCTTCAATCTCTGTTGGCCAGATA
Yy # I K N D N R G N L F L DV L Q S L L A R Y 270

836 TTACTTAGAACGTTTGTCTCATGGAGAAGGTCAAATTCCCAACTTTGACTGGGACGTTGCCTTCGAGACC
Y L ER L S HGE G Q I P NF D WD V A F E T 293

906 CCTTACTATCCATCCCTTCAGTACCCCAACGGATTACCTTTCCCTGAGAGGCCTAAGTTTGCCAATTTAC
P Y Yy P S L Q Y P NG L P F P E R P K F A N L H 317

976 ACGATTATTTCTACACTTACGGCGAGAGAACCAACTCAAAATACGCGTACAGTCACAAATTTATTGAGAC
by P ¥y T Y G E R TN S K Y A Y S H K F I E T 340

1046 CTTCGAAAGACGGCTGATGGATGCTATTGATGGAAACTACATTTATGATT TGGAGGAACACAAGTCAGTA
F ERRILMUDA ATIDGNY I Y DL EE H K S V 363

1116 TCCATGTACGAGCCAGAGAARACACAGGGAATACGTAAACAAATTTGGTAATCTTCTTCAGTGCARCCCGG
s MY E P E K HURE Y VN KF G DN L L Q C N P D387

1186 ACTCACCTAATCCTACATTCTTCTCGAATTATACCACTTACGCCACTCACCTTTTGGGCTACTCTTACAC
S P N P T F F S N Y T T Y A T H L L G Y S Y T 410

1256 TCCTCTTACATGGAAAAATGTAGCACCCTCTGCACTGCAACACCCTGCAACGGCCATGAGAGATCCTGCA
P L T W K N V A P S A L Q H P A T A M R D P A 433

1326 TTCTATCAATTGATTAAAAAGATGCTGTTGTTCTATGTACACTTCCAACACAGATACATGACCCCATACC
F Yy QL I K KM L L F Y V HVF Q H R Y M T P Y HA457

1396 ATAAAGATCAATTGGTGTTCCCAGGTGTTAGCATTGACAAAGTAGAGATGGACAGGCTGATCACATACTT
K D Q L VF P GV s I DI KV EMU DI RTILTIT Y F 480

1466 TGACGAATTCTACAGTGACATCAGCAATGTGGTTTATGACAATGATGATGAGTTGARAAATGATGAGTTC
DE F Y s DI SNV VY DNUDUDETLZ KNDE F 503

1536 AAGATATGGGCAGTTCAAAAGCGGTTGAACCACAAACCTTTCACCTATAAAATCTACGTGAACTCTAATC
K I w A VvV 9 KR L N H K P F T Y K I Y V N S8 N Q527

1606 AAGACACCCAAGCTATGGTGAAGGTCTTCTTAGGGCCTAAATATGATGAGTTTGGTAGATATATCAACAT
DT Q AMV KV FLG?PIKYDZETFSGHR Y I N I 55

1676 CAGCGAAAACAGACTCAACTTTGTGCCAATTGATGCCTTTAAATGGCACTTGAAATCTGGACAARACGTC
s E NR L N F V P I DAF KW HTL K S G Q N V 573

1746 ATTAAGCGTAGCTCCCAGGAAAGTGAGTTCTTTGCCCATGACAGGACCACTTACTCAGAATTGTACAAAA
I K R §$ S Q E S E F F A H DR T T Y S E L Y K K 597

1816 AGGTTATGACAGCCTACAAGGGTCAAGGTGAATTCCATATCAATGGTGAAGAAAACTACTTATATTTCCC
v M T A Y K GG Q G E F H I NGEENYL Y F P 620

1886 TGACAGGCTAATGTTGCCAATGGGAAGCCACAGCGGTACTCCTTATCAGTTCTACTTCATCGTTTATCCG
b RL ML P MG S HS GT?PY QF Y F I V Y P 643

1956 TTCABAGAATACTCCGGACACAAGGAGCATTTGGAGTACTACTATCCAGCGCCTGGACAAGGTGGTGCCT
F K E Y S G H K EH L E Y Y Y P A P G Q G G A Y 667

2026 ACGTAGACGATATGCCAATATTCTATCCATTTGATAAACCAATCAAGTTTGGAAAGATGTITTGTAACAGA
v popobpbmw™M&P I F Y P F DK P I K F G KM F V T E 69

2096 AGTTCCTAACTCGTGCTTCTACGAGACCAAGATTTACTTGAGAACCATGGATGAGGCTCAAGTATCAGCC
vV PN S CF Y E T XK I YL RTMUDEA AIQ V S A 713

2166 CATCACTCAGCACCAACATTATGTGTTAGGTTTTTAAGTTTTTCCTATTATTTATATATGTAACGATAAA

H H $Ss A P T L C V R F L s F 8 Y Y L Y M Stop 734
2236 TGTTCGGATTTGATGCTGTCTTAAATAATTTTTGAATAAAGTTTCGTTTTTATTTAATAAAAAAAAAAAA
AAAARAAARA

Fig. 4. Complete cDNA sequenceincluding the 5" untranslated region and the deduced amino acid sequence of AgSP-1 (accession no., AF512519).
The complete sequence is composed of two separate fragments; the 2.2-kB genomic clone and the 1.0-kB 3" RACE clone. Nucleotides are numbered
from the transcription start site (x=+1). Solid underlines indicate the putative TATA box, the transcription start site and the polyadenylation signal,
respectively. The trandation start (*27), the stop codon (*2270), and the poly-A tail (*2294) are in bold. The double underlines indicate the putative
signal peptide and three putative N-glycosylation sites. The dotted underlines indicate potential promoter regions with homology to the H-box
region (—196; ATCAGCGGCTTAACA and —259; ATAAGAAAAATTCAA).
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Table 1
Comparison of the deduced amino acid (% composition) of A. grandis
with two other arylphorin-like hexamerins

Amino acid AgSp-1 LdDP1 CvLSP-2
A Ala 2.75 3.05 254
C Cys 0.48 0.63 0.25
D Asp 5.81 5.64 7.95
E Glu 6.97 6.96 6.37
F Phe 9.32 9.92 8.35
G Gly 2.08 2.66 2.25
H His 7.08 4,04 5.92
I lle 451 4.02 4.61
K Lys 7.07 6.28 6.80
L Leu 6.77 6.24 7.81
M Met 3.23 3.38 1.62
N Asn 4.28 573 534
P Pro 4.56 4.64 371
Q GIn 391 3.77 3.32
R Arg 3.66 7.27 4.62
S Ser 3.98 3.74 3.97
T Thr 391 2.97 2.74
V va 5.00 4.49 5.86
W Trp 1.97 2.74 2.07
Y Tyr 12.63 11.80 3.88

The deduced mature protein of AgSP-1 (717 residues) was compared
with hexamerins from L. decemlineata (LdDP1=diapause protein 1,
X76080) and Calliphora vicina (CvLSP-2=larval serum protein LSP-
2, U89789). The aromatic amino acids characteristic of arylphorins,
Phe and Tyr, are in bold.

AgVg AgSp

Repr Diap Repr Diap
kB FRMRFD MD FR MR FD MD

6.0 )
25 >' SR Northern Blot

P Br stained rRNA's

Fig. 5. Northern blot analysis of VG (6.0 kB) and AgSP-1 (2.3 kB)
in the fat body of reproductive and diapausing A. grandis. Total RNA
(10 pg for VG blot; 5 pg for AgSP-1 blot) from reproductive females
(FR), reproductive males (MR), diapausing females (FD) and diapaus-
ing males (MD) was probed with a *2P-labeled A. grandis specific VG
probe (AgVG) or an A. grandis storage protein probe (AgSp). Equa
transfer of each tissue type was confirmed by visualization of the ethid-
ium bromide stained rRNA’s following transfer. Hybridization was at
48 °C using UltraHyb (Ambion) for 12-14 h. Washes were performed
a 65C (2*5min—2 x SSC, 0.1% SDS; 2*15min—0.1 x SSC;0.1%SDS).
Blots were exposed to film for approximately 1 h.

the molecular weight (6.0 kB) reported by Trewitt et
al. (1992).

3.6. Multiple alignment and phylogenetic analysis

The deduced amino acid sequence of AgSP-1 was
aligned with four proteins containing high aromatic
amino acid contents from Tenebrio molitor (Tm), L.
decemlineata (Ld), Periplaneta americana (Pa), and
Calliphora vicina (Cv), and of two proteins from Spo-
doptera litura (Sl) and Bombyx mori (Bm)that are either
moderately methionine-rich (Sl) or contain a high per-
centage of methionine (Bm) (Fig. 6). The alignment and
percent identity was calculated based on the Clusta
method (Higgins and Sharp, 1988). The deduced amino
acid sequence of AgSP-1 showed the highest sequence
identity with the two arylphorins from the coleopteran
species T. molitor (43.2%) and L. decemlineata (38.3%),
and with the other two arylphorin-like proteins from P.
americana (30.4%) and C. vicina (30.2%).

Phylogenetic analysis (Fig. 7) grouped the arylphorin
hexamerins in a single clade distinct from a clade con-
taining a higher proportion of methionine. Thus, AgSP-
1 appears to be derived from an arylphorin ancestor.
AgSP-1 clusters with the other two coleopteran hex-
amerins, which appear to share a coleopteran ancestor
not shared by the allergen of P. americana and the L SP-
2 hexamerin of C. vicina. Although C. vicina LSP-2 con-
tains a high percentage of Phe and Tyr (Table 1) suggest-
ing that it is an arylphorin, Burmester et al. (1998a)
reported strong phylogenetic evidence to support separ-
ation of LSP-2 from other arylphorin hexamerins,
including both C. vicina calliphorin and D. melanogaster
LSP-1 arylphorin. The parsimony tree supports this view
more than the distance-based neighbor-joining tree,
which is consistent with taxonomic affiliations where the
arylphorin from the hemimetabolous cockroach is the
most primitive and is from a line ancestral to the C. vic-
ina hexamerin.

4. Discussion

Arylphorins are a class of storage hexamerins that
contain a higher proportion (18-25%) of the aromatic
amino acids, Phe and Tyr than most average proteins
(King and Jukes, 1969; Kramer et al., 1980; Telfer et al.,
1983). We identified a 77-kDa diapause-specific storage
hexamerin in diapausing adults of the boll weevil, A.
grandis (Fig. 1). Its size is consistent with other insect
hexamerins and the deduced amino acid composition
(Table 1) indicates that AgSP-1 is like an arylphorin,
given its high concentration of aromatic amino acids
(~21% by composition, Phe+Tyr) (Munn and Greville,
1969).

Diapausing weevils displayed high AgSP-1 titers in
the hemolymph (Figs. 1 and 2) and high mRNA levels
in the fat body (Fig. 5), while VG and VG mRNA were
minimal in the hemolymph and fat body of diapausing
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Fig. 7. Phylogenetic reconstructions for the storage protein from A. grandis and other related insect hexamerins. Maximum parsimony (a) and
bootstrap (neighbor-joining method) (b) analyses were conducted using paup version 4.0 (Swofford, 1998). Percent Bootstrap support (1000
replicates) for each clade is indicated above the lines. Branch lengths are proportiona to substitutions (a) or distance (b). Each tree was rooted
using Eurypelma californicum hemocyanin subunit f, hcF (Ec; AJ277491), as the outgroup. Abbreviations and accession numbers are as follows:
Pa, P. americana C12 alergen Cr-PlI (L40818); Ag, A. grandis storage protein 1 AgSP-1 (AF512519); Ld, L. decemlineata diapause protein 1
(X76080); Tm, T. molitor hexamerin 2 precursor (AF395329); Cv, C. vicina larval serum protein LSP-2 (U89789); S, S litera moderately methion-
ine-rich storage protein SL-2a (AJ249468); Bm, B. mori sex-specific storage protein SP1 (X12978).

only CP1 is synthesized throughout the reproductive
stages (Chinzei et a., 1992); in diapause-oriented
females, CP4 is the predominant storage hexamerin.
Methoprene treatment of diapause-oriented females
effectively induces CP1 synthesis and inhibits CP4 syn-
thesis (Chinzei et al., 1992; Miura et a., 1998).

In adult females of Blaberus discoidalis and in last
instar larvae and short-day adults of L. decemlineata,
gene expression of the arylphorins, BAr and DP1
respectively, is suppressed by JH (De Kort and Koop-
manschap, 1994; Jamroz et ., 1996). JH also suppresses
synthesis and/or expression of several larval storage hex-
amerins in Lepidoptera (Corpuz et a., 1991; Hwang et
a., 2001; Jones et a., 1993; Memmel et al., 1994).

Our data suggest that JH neither enhances nor sup-
presses AgSP-1 synthesis/expression in diapausing A.
grandis weevils. No obvious differences were evident
between AgSP-1 hemolymph titers from methoprene-
treated diapausing weevils and the two controls (Fig. 3).
Our work isin contrast to those for several other insects,
in which JH has been shown to play an important role
in hexamerin synthesis, however more research is neces-
sary to fully define the influence of JH in boll weevil
diapause.

Identification of AgSP-1 from the hemolymph
required N-terminal analysis of the isolated polypeptide
from SDS-PAGE. The estimated molecular weight of
AgSP-1 (2.5 kB) based on Northern blot analysis (Fig.
5) was comparable to the calculated molecular weight

(2.78 kB) of the gene sequence and to the reported size
for other insect hexamerins (Burmester et al., 1998b;
Jamroz et al., 1996; Koopmanschap et a., 1995; Palli et
al., 1998; Sakurai et al., 1988a).

The genomic DNA library permitted us to identify
possible regulatory featuresin the 5" untranslated region.
In addition to the TATA box located at —32, a potential
H-box was observed at —196 (ATCAGCGGCTTAA
CA) and —259 (ATAAGAAAAATTCAA) (Fig. 4) with
60 and 66.7% sequence identities, respectively, to the
Drosophila melanogaster H-box present in the yolk
polypeptide genes (Yan et a., 1987). A portion of the
H-box sequence is homologous to vertebrate steroid hor-
mone receptor binding sites and to the ecdysone control
region of the D. melanogaster hsp23 gene (Yan et al.,
1987).

Further analysis of these two regionsin the 5" untrans-
lated region of AgSP-1 (—196 and —259), however,
showed little similarity to the ecdysone response element
of the D. melanogaster hsp27 gene (Riddihough and Pel-
ham, 1987) or to the vertebrate glucocorticoid (GRE)
and estrogen receptor (ERE) binding sites (Beato, 1989).
A critical feature necessary for binding the D. mel-
anogaster hsp27 gene to the ecdysteroid receptor is an
imperfect palindromic sequence (GGTTCAATGCACT)
(Ozyhar et a., 1991). The GRE and ERE binding sites
are also characterized by palindromic sequences
(GGTACANNNTGTYCT and NGGTCANNnTGACCN,
respectively) (Beato, 1989; Ozyhar et a., 1991). Such a



D.K. Lewis et al./ Journal of Insect Physiology 48 (2002) 887-901 899

sequence was not observed in the 5" untrangated region
of AgSP-1.

Many eukaryotic genes contain a regulatory region
caled a CAAT box that promotes efficient transcription
initiation (Benoist et al., 1980). This region does not
appear to be present in AgSP-1. Storage hexamerins
from B. mori and Sarcophaga peregrina aso lack the
CAAT box (Fujii et al., 1989; Matsumoto et a., 1986).

The first 17 amino acids of the deduced AgSp-1 pro-
tein, including the ATG translation start codon, consisted
of many hydrophobic amino acids, typica for a signal
peptide. The size of the putative AgSP-1 signal peptide
is consistent with those of other insect storage hexamer-
ins, which vary from 15 to 18 amino acids (Burmester
et al., 1998b; Cho et a., 1999; Fujii et a., 1989; Jamroz
et a., 1996; Jones et a., 1990; Memmel et a., 1992,
Memmel et a., 1994; Sakurai et al., 1988b; Willott et
al., 1989). The calculated molecular weight of the AgSP-
1 deduced amino acid sequence, less the signal peptide,
was 85.3 kDa. Thisweight differed from the 77-kDasize
estimated by SDS-PAGE. The storage hexamerins from
Galleria mellonella, Aedes aegypti, and D. melanogaster
show similar size discrepancies (Gordadze et a., 1999;
Massey et d., 1997, Memmel et al. (1992).

Comparison of the AgSP-1 deduced amino acid
sequence (accession no. AF512519) with the sequences
in GenBank showed the highest similarity to two genes
from T. molitor, an arylphorin (unpublished, accession
no. AF395329) and an 86-kDa early encapsulation larval
storage protein (Cho et al., 1999). AgSP-1 was also most
similar to diapause protein 1 from L. decemlineata
(Koopmanschap et al., 1995), two aromatic amino acid-
rich alergens from P. americana (Wu et a., 1996) and
the arylphorin hexamerin from B. discoidalis (Jamroz et
a., 1996). AgSP-1 was less similar to the larval serum
protein LSP-2 from C. vicina (Palli et a., 1998), the
methionine-rich proteins of S. litura and the sex-specific
methionine-rich storage protein, SP1 from B. mori
(Sakurai et al., 1988a). The aromatic amino acid content
(Table 1) as well as the high sequence (Fig. 6) and
phylogenetic similarity (Fig. 7) with coleopteran hex-
amerins, clearly indicate that AgSP-1 is an arylphorin.

Storage hexamerins have diverse functions and are
widely present in other stages of development. In the
adults of several ant species, storage hexamerins serve
as an amino acid reserve for queens during their single
period of brood rearing (Lewis et al., 2001; Martinez and
Wheeler, 1994; Wheeler and Buck, 1995). The storage
hexamerin (CP1) from the bean bug, R clavatus, is
present in both the nymphal and adult stages and is a
major protein constituent of the egg yolk (Chinzel et al.,
1992). Storage hexamerins also function as binding pro-
teins for JH and riboflavin (Braun and Wyatt, 1996;
Miller and Silhacek, 1995; Shapiro et al., 1992). In A
grandis, Ag-SP1 is likely an important amino acid
reserve during diapause.

Our research has identified a reliable biochemical
indicator of diapause in A. grandis. Using standardized
conditions (Spurgeon and Raulston, 1998b; Spurgeon
and Esquivel, 2000), AgSP-1 was consistently high in
adults of both sexes exhibiting diapause characters and
was reduced or absent in reproductive weevils. Analysis
of AgSP-1 levels in males and females, in addition to
VG abundance in females, has the potential to be an
effective tool for evaluating diapause status.
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